Folate metabolism plays an important role in carcinogenesis. To test the hypothesis that polymorphic variation in the folate metabolism genes 5,10-methylenetetrahydrofolate reductase (MTHFR), methionine synthase (MTRR), and methionine synthase reductase (MTR) influences the risk of primary brain tumors, we genotyped 1,005 glioma cases, 631 meningioma cases, and 1,101 controls for the MTHFR C677A and A1298C, MTRR A66G, and MTR A2756G variants. MTHFR C677T-A1298C diplotypes were associated with risk of meningioma (P = 0.002) and glioma (P = 0.02); risks were increased with genotypes associated with reduced MTHFR activity. The highest risk of meningioma was associated with heterozygosity for both MTHFR variants [odds ratio (OR), 2.11; 95% confidence interval (95% CI), 1.42-3.12]. The corresponding OR for glioma was 1.23 (95% CI, 0.91-1.66). A significant association between risk of meningioma and homozygosity for MTRR 66G was also observed (OR, 1.41; 95% CI, 1.02-1.94). Our findings provide support for the role of folate metabolism in the development of primary brain tumors. In particular, genotypes associated with increased 5,10-methylenetetrahydrofolate levels are associated with elevated risk. (Cancer Epidemiol Biomarkers Prev 2008; 17(5):1195 -202) 
Introduction
Primary tumors of the central nervous system are the third most common tumor in men and sixth most common tumor in women between ages 35 and 49 years (1) . Meningiomas and gliomas are the principal primary brain tumors (PBT) in adults (2) , although the two tumor types are essentially biologically distinct.
Evidence for an inherited predisposition to glioma and meningioma is convincingly provided by several rare genetic syndromes [glioma: Li-Fraumeni syndrome (MIM151623), neurofibromatosis (MIM162200 and MIM101000), tuberous sclerosis (MIM191100), and Turcot's syndrome (MIM 276300); meningioma: neurofibromatosis type 2 (MIM101000) and Werner (MIM 277700) and Gorlin (MIM 109400) syndromes; ref . 3] . These syndromes do not, however, account for 2-to 3-fold elevated risk of glioma and meningioma in the relatives of patients with the same form of PBT (4) , and it is likely that part of the inherited genetic risk is a consequence of low-risk variants, some of which may be common and hence detectable through association analyses.
Folate metabolism plays an important role in carcinogenesis due to its involvement in DNA methylation and nucleotide synthesis (5) . Central to folate metabolism are the enzymes 5,10-methylenetetrahydrofolate reductase (MTHFR), methionine synthase (MTR), and methionine synthase reductase (MTRR), which play important and interrelated roles in folate metabolism (Fig. 1) . The MTHFR enzyme occupies a pivotal position, balancing the homeostasis between DNA synthesis and methylation by catalyzing the irreversible conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate. The MTHFR substrate, 5,10-methylenetetrahydrofolate, is used by thymidylate synthase in the methylation of dUMP to dTMP, which is the sole de novo source of thymidine required for DNA synthesis and repair. The MTHFR product, 5-methyltetrahydrofolate, is the methyl group donor for the remethylation of homocysteine to methionine catalyzed by MTR in a reaction dependent on vitamin B12 as an intermediate methyl carrier. MTR may become inactive due to oxidation of its vitamin B12 cofactor, and restoration of MTR activity is dependent on reductive remethylation of vitamin B12 by MTRR. The genetic variants in the genes coding for MTHFR, MTR, and MTRR have in some cases been shown to affect directly on the function of the expressed proteins.
To examine whether variation in the genes participating in folate metabolism influence the risk of developing meningioma or glioma, we genotyped DNA from five case-control studies of PBT for MTHFR C677T and A1298C, MTRR A2756G, and MTR A66G.
Materials and Methods
Study Subjects. The study was based on five casecontrol studies of PBT that contributed to the Interphone Study (6) and that have been used previously for some candidate gene analyses (7 Population-based controls were ascertained through general practitioner lists in the United Kingdom and randomly selected through the population registry in Nordic countries. Individuals were of the same age and residence criteria as cases and had no history of a cerebral tumor. Samples and clinicopathologic information from participants were obtained with informed consent and ethical review board approval in accordance with the tenets of the Declaration of Helsinki.
All cases of White European ethnicity for each country and with sufficient DNA quantity and quality were included in the genetic association studies. Controls were frequency matched on sex for each study center and disease using a random number generator. The number, sex, and age of cases and controls in each of the five studies analyzed in the current study were as follows: (a) Single Nucleotide Polymorphism Genotyping and Data Manipulation. DNA was extracted from samples using conventional methodologies and quantified using PicoGreen (Invitrogen). Genotyping was conducted using Illumina GoldenGate Arrays (Illumina). DNA samples with GenCall scores < 0.25 at any locus were considered ''no calls.'' Cases and controls were genotyped in the same batches. To ensure quality of genotyping, duplicate samples were included in each 96-well sample plate.
Statistical Methods. Statistical analyses were undertaken using R and STATA Software (Stata). Single nucleotide polymorphism (SNP) genotype frequencies The distributions of MTHFR A1298C genotypes among glioma cases in UK-North and MTRR A66G among controls in Denmark were different from those expected under Hardy-Weinberg equilibrium although not significantly after correcting for multiple testing (Table 1) . There were no significant differences in genotype frequencies between each of control series and minor allele frequencies of SNPs were in close agreement with the published data for European Caucasians (dbSNP).
Risks of meningioma and glioma associated with heterozygous and homozygous variant genotypes, both individually and combined, were computed (Tables 2  and 3 ). An influence of the MTRR A66G genotype on risk of meningioma but not glioma was observed. Homozygosity for the MTRR GG genotype was associated with a significantly increased risk of meningioma (OR, 1.41; 95% CI, 1.02-1.94). Similarly, the AG genotype was also associated with an increased risk albeit nonsignificantly (OR, 1.21; 95% CI, 0.94-1.55; Table 2 ).
Additionally, the MTHFR A1298C and C677T genotypes significantly influenced the risk of PBT. Heterozygosity for MTHFR A1298C was associated with an increased risk of both meningioma (OR, 1.32; 95% CI, 1.04-1.66) and glioma (OR, 1.32; 95% CI, 1.09-1.58). MTHFR C677T was also associated with risk of meningioma (OR, 1.35; 95% CI, 1.07-1.71) but not glioma (OR, 0.89; 95% CI, 0.74-1.07).
Of the glioma cases, 447 had been diagnosed with glioblastoma (ICD Tenth Edition codes 9440-1), 329 with astrocytoma (ICD Tenth Edition codes 9400-30), 106 with oligodendroglioma (ICD Tenth Edition codes 9450-1), and 123 with other glioma subtypes. Given biological differences between these histologic forms of glioma, we analyzed the association between genotypes and risk of each subtype. This analysis provided evidence that MTHFR genotypes were primarily associated with risk of glioblastoma and oligodendroglioma rather than astrocytoma (Table 3) .
We investigated the combined effects of MTHFR SNP genotypes on risk of PBT by calculating risks associated with individual diplotypes (Tables 4 and 5) . A significant and consistent association was observed between MTHFR diplotype and risk of both meningioma and glioma, with an increased risk associated with genotypes leading to reduced activity of the expressed protein. The association between MTHFR diplotype and glioma risk was primarily a consequence of an association with glioblastoma and oligodendroglioma subtypes (Table 5 ).
Discussion
Our findings suggest that folate metabolism polymorphisms play a role in determining the risk of developing PBT. Specifically, we observed an association with the functional variants of MTHFR A1298C and C677T and with the MTRR polymorphism A66G. Our analysis also provides support for the rationale of conducting analyses based on the stratification of diplotypes to avoid confounding and maximize the power of any given study to identify associations as proposed previously (8) .
A major strength of our study design is that we have based our analysis on five independent case-control series, thereby providing data on a large sample set for a relatively rare tumor. Potential limitations include the fact that only a subset of subjects interviewed in the International Interphone Study was analyzed. We have, however, documented previously that there are no salient differences in the characteristics of those donating a blood sample from those who only responded to the study questionnaire (9) . Population stratification is a concern in all association studies as a source of bias as the frequency of genotypes for many polymorphic variants, such as MTHFR A1298C and C6677T, differ markedly between ethnic groups. We have sought to further minimize this form of bias by excluding subjects with ethnicity other than that of the country of recruitment. Survivorship is a potential source of bias if a variant influences prognosis. This is unlikely to be of serious concern in the present study as all cases were ascertained soon after diagnosis.
Functional studies have established that both heterozygous and homozygous variant genotypes of MTHFR 677T and 1298C result in reductions in enzyme activity (13, 14) . Coupled with the observation that individuals with the GG genotype are at increased risk of neural tube defects (15), a condition known to be associated with low folate levels, these data provide circumstantial evidence that this MTRR variant is functional. It has been shown that aberrant genomic DNA methylation is associated with the development of most tumors, and folate metabolism plays an important role in carcinogenesis in general due to its involvement in DNA methylation and nucleotide synthesis. Reduced MTHFR activity inhibits the 5-methyltetrahydrofolate pathway, which can lead to increased levels of the MTHFR substrate 5,10-methylenetetrahydrofolate (a substrate for thymidylate synthetase, which catalyzes the synthesis of an essential precursor of de novo DNA synthesis) and decreased levels of the MTHFR product 5-methyltetrahydrofolate (a methyl group donor for the remethylation of homocysteine to methionine), thereby shifting the folate metabolism pathway away from methionine synthesis toward DNA synthesis and repair. The results of our study are consistent with an increased risk in subjects with reduced conversion of homocysteine to methionine due to either reduced MTRR enzyme activity or reduced activity upstream at the MTHFR enzyme, which could result in aberrant promoter methylation. The biological basis of PBT development is unclear. The role of aberrant methylation has, however, been documented in both gliomas and meningiomas (16) (17) (18) (19) . Given that studies have shown that the MTHFR 677TT genotype can be associated with decreased global DNA methylation and promoter-specific methylation in tumors (20) , it is entirely plausible that the variants we have studied will affect the risk of PBT.
Compared with other cancer types, the role of polymorphic variants of the folate metabolism genes as risk factors for PBT has received comparatively little attention, and to our knowledge, only two studies have evaluated previously the role of variation in this pathway in development of glioma and meningioma. One small study based on analysis of 74 PBT patients and 94 controls found a higher frequency of MTHFR 677T genotypes in patients albeit nonsignificantly (21) . A second study of 328 patients with glioblastoma multiforme and 400 controls found that the MTR 2756G allele was significantly underrepresented among cases (22) . Although not significant, in our study of 447 glioblastoma cases, there was some support for a relationship between homozygosity and decreased risk (OR, 0.64; 95% CI, 0.32-1.26). Differences in association between variants and risk of glioma subtypes invite speculation that these reflect differences in the biology of the tumor types; however, we acknowledge that our study has limited power to robustly make this assertion.
There is increasing evidence implicating exogenous hormone use with risk of meningioma (23) (24) (25) , and an interaction between hormone replacement therapy and MTHFR genotypes has been suggested (26) . This is intriguing as meningiomas express functional progesterone and estrogen receptors and warrants further investigation.
Many studies have shown that the effect of variants, such as MTHFR C677T, on tumor risk is modified by dietary intake. Unfortunately, this type of data was unavailable to us and could not be included in our current analysis. However, it invites speculation as to the role of exogenous folate and other micronutrients as risk factors for PBT, which warrant exploration in future studies.
There has been considerable difficulties in unambiguously identifying causative exposures for PBT other than exposure to ionizing radiation. Hence, genetic associations for other candidate pathways might prove extremely valuable via the functional links they reveal and either endorse current etiologic hypotheses or suggest new ones that merit testing via gene/environment-specific hypotheses.
Here, we have found evidence that variation in folate metabolism genes affects the risk of developing both meningioma and glioma. However, as with all association studies, it is highly desirable that our findings are validated through replication in other case-control series.
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